Abstract. Electrons whether adiabatic or non-adiabatic play important role in determining the stability properties of a global electrostatic mode. In the present analysis, the effect of nonadiabaticity of electrons with all its kinetic effects is investigated for ion temperature gradient driven mode in the presence of fast ions using a linear gyro-kinetic code EM-GLOGYSTO-F.
Sluggish response of untrapped electrons and global electrostatic micro-instabilities in a tokamak
Introduction
For the last few years extensive work has been going on both experimentally and theoretically to understand the cause of anomalous transport [1] [2] [3] in a tokamak that limits the confinement. The ion thermal transport [5] in the plasma is found to be due to temperature gradient driven modes (ITG) [4, 6] . ITG modes are reactive modes in the low frequency/low k regime. The earlier studies of ITG mode were restricted to adiabatic electrons (Boltzmann electrons) [7, 8] . The outcome of such an interpretation is that it makes the analysis more tractable and computation easier because no longer one needs to bother about the vastly separate response time-scales of electrons and ions because of their disparate masses. For the last few years attempts have been made to incorporate full electron dynamics into the physics of ion temperature gradient mode. Trapped electron coupled ITG has been studied extensively in [9] [10] [11] [12] [13] [14] [15] [16] . Results showed that the addition of trapped electrons to adiabatic ITG is more than a mere modification and the growth rate was observed to increase by 2 to 3 times. The non-adiabaticity of electrons in these studies was brought about by the trapped fraction of electrons. However, the passing electrons also have a non-adiabatic part realized by various kinetic resonances and gradients. Effects of the passing electrons along with trapped electrons is studied in [17] [18] [19] . The motivation of the present work is the need of a model which invokes the full electron dynamics that is adiabaticity and non adiabaticity simultaneously for the passing fraction with no simplifying assumption. Energetic particles are another component in the fusion plasma that are indispensable and have significant effect on the temperature gradient driven modes. These are produced in a hot plasma either by auxiliary heating schemes or in post fusion products as alpha particles. These fast ions carry a significant amount of β and therefore require a non-perturbative treatment rather than considering them a mere perturbation to the background plasma. We therefore consider fast ions on the same physics footing as that of background species namely ions and electrons. To meet these two requirements an existing gyrokinetic code EM-GLOGYSTO [20] [21] [22] [23] [24] [25] [26] is modified to take in to account the full electron dynamics and fast ions and renamed as EM-GLOGYSTO-F. It is a fully electro-magnetic and fully kinetic global gyrokinetic code. For the present work the set of model equations are reduced to zero beta limit to make it purely electrostatic. The equilibrium contains no electric field, collisions, Shafranov shift and geometry effect. Ions are considered to have a trapped fraction but electrons are not. Only passing fast ions are considered. The paper is organized as follow. Section 2 presents the model gyrokinetic equations. This is the basis for the development of the code EM-GLOGYSTO-F. Section 3.1 presents the results that compare the ITG mode without and with non-adiabatic passing electrons. Section 3.2 presents results showing the non-perturbative effect of fast ions on ITG mode. Finally section 4 produces a brief summary of the results.
Model equations
The perturbed density for species j (ion, electron and fast ions) in real space containing full dynamics can be obtained by using gyrokinetic theorỹ
The first term on r.h.s corresponds to adiabatic response while the second term represents the non-adiabatic response. Also q j , T j are charge and temperature for species j, N equilibrium
, v and v ⊥ represent respectively parallel and perpendicular velocity, v thj is the thermal velocity of species j. J 0 (x Lj ) is the Bessel function of argument x Lj = k ⊥ ρ Lj , taking into account full finite Larmor radius effect. We consider a local Maxwellian for each species of mass m j as
2 . In Eq.(1) the term U j stands for the guiding center propagator of untrapped particles of type j=i (ion), e (electron), f (fast ions) while T j represents the guiding center propagator for trapped particle j=i for the present case. The derivation of these propagators for both untrapped and trapped particles is given in detail in [10, 25, 30] . Introducing quasi neutrality condition.
q j being the charge of the species j one would finally end up with a generalized eigenvalue problem where ω andφ respectively are eigenvalue and eigen-vector, This is then solved in Fourier space by Fourier decomposing the potential in Eq.(2) first and then taking Fourier transform, to eventually obtain a convolution matrix in Fourier space.
where k = (κ, m) and k ′ = (κ ′ , m ′ ). For detail calculation the reader is referred to [26] Table-1) . Normalized density, temperature, η i,e,f (left), Safety factor q and magnetic shearŝ profiles as functions of normalized radius s = r/a. Note that η peaks at s = ρ/a = s 0 = 0.6
Results & Discussion
Following are the profiles and parameters that are used in the analysis here. The corresponding equilibrium profiles are depicted in Fig.1 .
Table 1. Parameters and Equilibrium Profiles
• B-field : B 0 = 1.0 Tesla
• N-profile and T-profile
Shearŝ is positive and at s = s 0 ,ŝ = 1. growth rate continuously increases as one goes from η e = 2 to η e = 8. The rise in the growth rate in comparison to the adiabatic case (open circle) is because of the reason that electrons with a non-adiabatic component in its response, can not follow a perturbation to short circuit the charge separation thereby enhancing the growth rate. Especially near the mode rational surfaces k = 0, the phase velocity of perturbation ωr k → ∞ and the electrons response is very sluggish near these mode rational surfaces. Since low n ITG can be quite global one can expect it to pass through several such mode rational surfaces and slow electrons near these surfaces leads to higher growth rate of the mode. Fig.3 The corresponding mode structure across the minor radius of the tokamak is shown in Fig.3 with their zoom in pictures displayed in Fig.4 . One can see clearly the evolution of short scales in the mode structure while going from adiabatic case to non-adiabatic case with increasing η e . The positions where the smooth structure break correspond to mode rational surface. This becomes clear if one looks at the Fig.5 . where potential φ is plotted across the minor radius. At each radial position several poloidal modes are coupled. This coupling is brought about by the curvature of the system. The dots on the upper axis represent the position of mode rational surfaces characterized my m = nq. Spikes are clearly visible at points where k = 0. The sudden rise in the potential is because of the inability of the electrons to move along the magnetic field and to wipe out the charge separation. The reduction in the scale-length takes place much faster than the growth rate. This is becomes apparent when one calculates the mixing-length estimation based transport presented in Fig.5 in gyro-Bohm unit. The transport coefficient goes on decreasing as one includes non-adiabaticity of electron and increases η e despite the increase in the growth rate. 
ITG mode with non-adiabatic electrons

ITG mode with fast ions
A perturbative treatment of impurity ions and consequent effect can be found in [27] where the impurities are observed to have stabilizing effect on the mode in the flat density limit. Hot 
ions produced in the ion cyclotron resonance heating or neutral beam injection are found to have slight stabilizing influence on the toroidal ITG but produce significant reduction in ion heat flow [28] . Only recently these fast ion concentration is identified to be the key ingredient of the ion ITB formation suppressing ITG mode [29] . We here try to reveal the effect of hot ion concentration and temperature on the background ITG non-perturbatively. To investigate the effect of fast ions on the background ITG mode we first do a toroidal mode number scan of frequency and growth rate of the mode. Fig.7 presents the n scan of growth rate and real frequency for three cases i. ITG without fast ions ii. ITG with fast ions and iii. ITG with He ions produced in deuterium plasma. It is evident from the scan that the fast ions stabilizes the ITG mode. The stabilization can be attributed to the dilution of the background ions. He ions have more stabilizing effect than the single charged ions. The reason is that He ions bear double charge and dilution of ions is more. The dilution reduces the temperature gradient drive of the background ions. It is important to estimate the fraction of fast ion density required to Fig.8 shows the growth rate and frequency when one increases the density fraction of fast ions. The mode gets almost stabilized at a value of n f ne = 0.35. He ions stabilizes the mode faster in consistent with the observation in Fig.7 . Almost complete stabilization happens to be at a value n f ne = 0.15. The temperature dependence of fast ions is displayed in Fig.9 . It is clear that the mode remains sensitive to fast ion to background ion temperature ratio T f /T i ∼ 7. The possible reason is that ITG is a low frequency mode and the fraction of ions with higher temperature decouples completely at this value of temperature ratio. Mixing length estimation of transport is depicted in Fig.10 where the transport coefficient is plotted in gyro-Bohm unit against toroidal mode number n. The transport co-efficient decreases when one includes the single charged hot ions. With the presence of He ions the reduction in the mixing length transport is quite significant. 
Conclusion
We in the present work have shown the effect of non-adiabatic passing electrons and fast ions on the ITG mode. The growth rate increases continuously with non-adiabatic electrons as one increase the η e . These electrons break the ITG mode structure into small scales, thus reducing the scale length and the mixing length estimation of transport. Non perturbative fast ions on the other hand are found to have strong stabilizing effect on the ITG mode leading to reduction in transport.
